INTRODUCTION
============

The hepatocyte is a highly differentiated epithelial cell that rarely divides. Only one hepatocyte among 20 thousand might be dividing at any one time during the life of a human being or an animal, and this division may occur - at most - once or twice for each cell. Therefore, it is known that one of the characteristics of hepatic tissue is reduced cellular reproduction.^[@B1]-[@B3]^

Hepatocyte proliferation may be stimulated by different factors, and the destruction of the liver by trauma or infection stands out.^[@B4]^ About 30% of normal hepatic parenchyma is compatible with survival and maintenance of liver functions, and up to 20% of the remaining liver is capable of regenerating liver in its space. This recovery results from increased size of the hepatic cells (hypertrophy), along with a rapid cellular division and multiplication (hyperplasia).^[@B4]^ These characteristics allow repeated hepatectomies, as long as complications are avoided. During hepatocyte proliferation, there is release of growth factors, such as the hepatocyte growth factor (HGF), transforming growth factor-alpha (∝-TGF), epidermal growth factor (EGF), and fibroblast growth factor (FGF), which determine mitogenic stimulation that affects other liver cells and thus, enables tissue regeneration.^[@B5],[@B6]^

Events related to regeneration of hepatic tissue have been described since ancient Greece, where liver regeneration was reported by means of the Prometheus myth, who was condemned to feed an eagle daily with part of his liver. However, during the night, his liver regenerated, providing the bird with eternal food, and Prometheus, with eternal torture.^[@B6]^

The first successful experimental model for the hepatic regeneration study was introduced by Higgins and Anderson, in 1931. This model focused on the surgical removal of the left lateral lobe and the medial lobe of rat livers, accounting for approximately 67 to 70% of total hepatic mass of these animals.^[@B7],[@B8]^ Since the first liver resection performed by Langenbuch, in 1888, and the first liver transplant performed by Starzl, in 1963, until now, liver surgery has advanced greatly, allowing extensive resections and transplants of parts of the liver to be possible.^[@B9]^ Among other factors, this is due to the recognition of the large regenerative capacity of the liver.

Over the last few years, various studies have attempted to describe the initial point in the hepatic regenerative process. Some investigations showed hepatocytes are transferred to the extrahepatic tissue, with synthesis of DNA in the new tissue. These experiments indicate that the mitogenic signs for hepatocytes are systemic, and during this process that occurs during regeneration, the expression of proto-oncogenes related to the cell cycle are noted, not only in the hepatic regeneration process, but in the proliferation of other types of cells as well, and they are immediately activated after hepatectomy. There are some alterations during hepatic regeneration, such as an accumulation of triglycerides, elevation of fetal isoenzymes, and an increase in the enzymatic levels related to DNA synthesis, such as timidine kinase and ornithine decarboxylase.^[@B1]^

Ki67 is a protein that acts as a marker of cell proliferation found only during cell division (phases G1, S, G2, and M of the cell cycle). During interphase, the antigen can be detected exclusively inside the nucleus, while in mitosis, most of the protein is dislocated to the surface of the chromosome. This is why it is considered an excellent marker for determining cell growth associated to cancer and other conditions that involve regenerative mechanisms.^[@B9]^

Oftentimes, surgical resection is the only potentially curative treatment for patients with primary or metastatic malignant liver disease. However, this resection is limited by the need to preserve a sufficient remnant volume of liver, since an excessive resection can lead to liver failure within a few days after the surgical procedure.^[@B10],[@B11]^

To avoid this complication, a future remnant liver (FRL) is recommended, of approximately 25% of total liver volume (TLV), if liver function is normal, and in patients submitted to chemotherapy, the recommendation is for a FRL of approximately 40% of TLV.^[@B12]^

The knowledge that the liver remnant volume is a very important limiting factor for the performance of large liver resections led to the creation of new tactics and techniques to prevent postoperative liver failure.^[@B13]^ In the beginning of 1990, Makuuchi et al., introduced the technique of portal vein embolization (PVE) as a method of inducing hypertrophy of FRL. Soon afterwards, other authors introduced several techniques that combined portal vein occlusion with staged hepatectomies.^[@B13]-[@B17]^

A new strategy for patients with marginally resectable liver tumors, previously considered to be unresectable, and originally developed by Hans Schlitt,^[@B19]^ was formally reported by Baumgart et al.,^[@B18]^ This technique consists of a two-staged hepatectomy with initial portal vein ligation and *in situ* splitting of the liver parenchyma. It is known as Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy (ALPPS). This technique allows a resection in patients with large or multiple hepatic tumors, that would be of high risk for postoperative liver failure, due to a small FRL.^[@B20]^

OBJECTIVE
=========

To analyze the influence of ligature of the portal vein tributary in the hepatic regenerative stimulus by means of immunohistochemical criteria.

METHODS
=======

The experimental procedures were performed as per recommendations of the Scientific Committee and the Animal Research Ethics Committee of the *Faculdade Evangélica do Paraná*, Curitiba (PR), approved under number 3893/2014. All animals received care according to the rules of Brazilian legislation for ethics in animal studies (Law 11,794, decree 6,899/2009).

Surgical procedure
------------------

The anesthetic technique used was inhaled general anesthesia using a closed system, and a surgical procedure of two-stage hepatectomy with ligature of the portal vein - ALPPS, was based on the model described by Croome et al.,^[@B20]^

The first part of the study involved two pigs and had the objective of verifying if the technique was feasible and could be reproduced. Additionally, we sought to study the hepatic division and vascularization, in order to better plan the surgical procedure.

Pig liver is composed of a right lateral lobe (RL), right medial lobe (RML), left medial lobe (LML), left lateral lobe (LL), and caudate lobe. The pig vena cava is intrahepatic and is located to the right of the liver.

In the initial project, the objective was to use the ALPPS technical standard performed in humans. However, in view of the challenges faced in resecting the parenchyma without causing damage to large vessels, with the intent of performing an extended left hepatectomy, and considering the scarce resources, different from the model, the choice was made to only perform a partial hepatotomy between RML and LML. Hence, they were isolated as deeply as possible, in order to minimize blood loss and the surgical stress caused by an extended operative time.

The second part of the study was divided into two phases. The first phase consisted of performing the equivalent of stage 1 of ALPPS, in which ten animals were submitted to the surgical procedure. The animals submitted to ligature were randomized forming two groups: Group A (pigs 1 to 5), in which the animals were submitted to modified hepatotomy without vascular ligature; and Group B (pigs 6 to 10), in which the animals were submitted to modified hepatotomy with ligature of the portal branch responsible for vascularization of the left lateral and medial lobes of the pig liver.

The vascular ligature was planned based on the illustration of the reference article,^[@B20]^ and therefore, the choice was to ligate the left branch of the portal vein, soon after its bifurcation, isolating the blood supply only to lobes LML and LL ([Figure 1](#f01){ref-type="fig"}). Resection of the liver parenchyma was made with the use of an ultrasonic scalpel. Blood and liver parenchyma samples were collected to prepare laboratory parameters and later compare with the postoperative period.

Figure 1Ligature of the branch of the portal vein responsible for vascularization of the medial and lateral left lobe segments

In the second phase, the same animals were used again, five days postoperatively. New liver samples were retrieved for posterior histopathological and immunohistochemical analyses, besides blood for the laboratory panel. After the end of the procedure, the animals were euthanized by means of an anesthetic overdose of thiopenthal, at the dose of 50mg/kg, as per recommendation of the Brazilian guide for good practices for animal euthanasia.

Biochemical evaluation
----------------------

Based on the blood sample, a full CBC was done in order to evaluate the counts of platelets, erythrocytes, and leukocytes, using an automated hematologic counter by the flow cytometry method, carried out by an outsourced laboratory (Citolab, Curitiba-PR Brazil).

Histological evaluation
-----------------------

To perform the histological study, the organs collected were fixated in 10% formaldehyde PBS 0.1M (pH 7.4). Next, fragments were collected for processing according to conventional technique. The organ fragments were included in paraplast and placed so that the slices obtained would result in cross-sectional slices of the organ. Posteriorly, the slices were stained in hematoxylin-eosin and observed on a light microscope, to assess the following parameters: presence of fibrosis, proliferation of bile ducts, presence or absence of inflammatory infiltrate, steatosis, and hydropic degeneration.

To evaluate the quantification of fibrosis, a method was created based on the human fibrosis classification of ISHAK, METAVIR, and the Brazilian Pathology Society (SBP). This scoring system was based on four criteria:

Stage zero: normal/no fibrosis pattern of collagenation.

-- Stage 1 or +: fine fibrous septa.

-- Stage 2 or ++: wide fibrous septa.

-- Stage 3 or +++: wide fibrous septa with penetration into the hepatic parenchyma altering the anatomy.

As to ductal proliferation, the following scoring system was used:

-- Normal or +: one to three ducts.

-- Moderate or ++: four to six ducts.

-- Intense or +++: more than six ducts.

The presence of inflammatory infiltrate, steatosis, and hydropic degeneration was recorded as the presence or absence of these criteria.

The histopathological evaluation was performed by a qualified professional, duly trained and certified in pathology, blinded to the intervention previously made.

Immunohistochemical evaluation with Ki67
----------------------------------------

For immunohistochemical analysis, the tissue slices (4µm thick) were embedded in formalin and fixated in paraffin, and submitted to the immunohistochemical technique. This technique consists of the following steps: deparaffinization, rehydration, antigen retrieval, inactivation of endogenous peroxidase, and blockage of unspecific reactions. The primary antibody was incubated for 12 hours at 4**°**C, as per the specific dilution indicated on the package insert of each antibody used. Next, the streptavidin-biotin-peroxidase complex (LSAB^®^, DAKO) was applied; it was developed with diaminobenzidine tetrahydrochloride chromogen (DAB kit, DAKO) and carried out in contrast with 3% hematoxylin. The antibody used was Ki67 (1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA), assessed in hepatic tissue by pathologists.

Analysis of the slides was based on the immunomarker intensity. The number of hepatocytes marked positively by the Ki67 was determined by manual count in five random visual fields, with a 10x magnification by a professional blinded to the intervention performed.

Statistical analysis
--------------------

Means and mean standard error were calculated, and the paired Wilcoxon test was applied. The statistical test was applied for the values obtained in the laboratory tests, with significance of p value p\<0.05. To perform the statistical analysis, the GraphPad Prism software, version 14.0 (Statistical Package for Social Science, SPSS Inc., Chicago, IL, USA) was used.

RESULTS
=======

The statistical evaluation of the values observed for hemoglobin, hematocrit, and platelet count showed no significant difference between the before and after periods in Groups A and B. The statistical analysis of the values obtained for leukocyte count in Groups A and B showed a significant difference, with p values of 0.0061 and 0.0437, respectively ([Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}).

Table 1Values obtained in the CBC of Group A (submitted to hepatotomy without vascular ligature)VariableMeanStandard deviationp valueHemoglobin (g/dL)   Before12.101.1770.6227After12.361.274 Hematocrit (%)   Before36.403.5070.8843After36.004.690 Leukocytes (cells/µL)   Before14.2902.1490.0061\*After7.5001.118 Platelets (cells/µL)   Before46.30081.2100.6938After479.20048.849 [^2]

Table 2Values obtained in the CBC of Group B (submitted to hepatotomy with vascular ligature)VariableMeanStandard deviationp valueHemoglobin (g/dL)   Before11.162.3440.3879After10.241.486 Hematocrit (%)   Before33.607.0210.3820After30.804.550 Leukocytes (cells/µL)   Before8.5901.7460.0437\*After4.9301.178 Platelets (cells/µL)   Before598.00043.6750.1035After554.00078.374 [^3]

The statistical evaluation of the values obtained for activated prothrombin time (aPTT), serum glutamic pyruvic transaminase (GPT), total bilirubin, and direct bilirubin showed no significant difference before and after in Groups A and B. Analysis of the values obtained for serum glutamic oxalacetic transaminase (GOT) showed no significant difference before and after in Group A, and showed a significant difference of 0.009 in Group B ([Tables 2](#t2){ref-type="table"}, [3](#t3){ref-type="table"}, and [4](#t4){ref-type="table"}).

Table 3Values obtained in tests to assess liver function in Group AVariableMeanStandard deviationp valueaPTT (seconds)   Before7.060.530.0635After8.180.53 GOT (U/L)   Before60.139.2900.1790After31.223.263 GPT (U/L)   Before42.909.120.0945After53.668.81 Total bilirubin (mg/dL)   Before0.200ncAfter0.200 Direct bilirubin (mg/dL)   Before0.10ncAfter0.10 [^4]

Table 4Values obtained in tests for evaluation of liver function in Group BVariableMeanStandard deviationp valueaPTT (seconds)   Before7.140.710.6268After7.300.45 GOT (U/L)   Before103.168.720.1674After59.5634.44 GPT (U/L)   Before71.3011.360.009\*After58.127.10 Total bilirubin (mg/dL)   Before0.2000.0993After0.280.08 Direct bilirubin (mg/dL)   Before0.140.050.7040After0.160.09 [^5]

Another parameter evaluated in the animals submitted to vascular ligature (Group B) was intense vascular congestion. Additionally, in pigs 7 and 9 (Group B), a pattern suggestive of hydropic degeneration was noted ([Table 5](#t5){ref-type="table"}).

Table 5Histological evaluation of liver tissue of Groups A and B stained with hematoxylin-eosinPigFibrosisDuctal proliferationInflammatory infiltrationHepatic steatosisHydropic degeneration1     Before++ØØØAfter++ØØØ2     Before+++PresentØØAfter++ØØØ3     Before+++ØPresentØAfter++++ØØØ4     Before++ØØØAfter++ØØØ5     Before++ØPresentØAfter++++PresentØØ6     Before++ØØØAfter0+ØØØ7     Before0+ØØØAfter+++ØØPresent8     Before0+ØØØAfter++ØØØ9     Before++ØØPresentAfter++ØØØ10     Before0+ØØØAfter++PresentØØ[^6]

In pigs 3 and 4 (Group A), findings suggestive of liver steatosis prior to the procedure were visualized. The inflammatory infiltrate was observed in only two animals after the procedure, one in Group A and the other in Group B, and it comprised basically monomorphonuclear cells ([Table 5](#t5){ref-type="table"}).

The results related to proliferation of hepatocytes compared before and after the procedure can be observed on [table 6](#t6){ref-type="table"}. In Group B there was a significant difference between the number of marked hepatocytes before and after the procedure (p=0.0002).

Table 6Number of hepatocytes marked positively by Ki67, determined by manual count in five random visual fields (10x magnification)GroupMean (%)Standard deviation (%)p valueA before2.63.5780.4543A after1.20.837 B before3.83.3470.0002\*B after7.83.347 [^7]

DISCUSSION
==========

One of the main stimuli for hepatic regeneration is the resection of the parenchyma, since the postoperative remnant liver has a spectrum of regeneration that is rarely found in healthy livers.

After liver resection, the remnant liver develops and establishes a new state of hyperplasia with a high rate of proliferation of hepatocytes, endothelial cells, and Kupffer cells. These, in turn, play an extremely important role for hepatic regeneration, since from the tumor necrosis factor alpha and interleukin 6, they stimulate the hepatocytes to enter the G1 phase of cellular replication.^[@B21],[@B22]^The question that remains is related to what the physiological stimulus would be for this cellular replication.

Some hypotheses, such as the high energy demand generated due to the stress caused by mechanical lesion,^[@B23]^ or even an imbalance among the hemodynamic factors,^[@B24]^ have been studied and may represent a new paradigm in hepatic regeneration.

Among them, we can highlight a new technique that has been increasingly studied, which consists of hepatotomy in two stages with portal vein ligature, known as ALPPS*.* Described for the first time by Schnitzbauer et al., this technique represented a new alternative for the resection of extensive tumors. It induced hypertrophy and hepatic regeneration with an average of 74% of cases;^[@B25]^ these results are superior to those of portal vein ligature techniques or embolization.

Similar results were also reported by Wiederkehr et al.,^[@B10]^ in children with large extensive hepatoblastoma, in whom surgical resection represented a high risk of liver failure due to the small size of the FRL. In this case series, the average liver regeneration noted was 72.56%, showing the possibility of a new application of this technique.^[@B10]^

The technique, due to its results, raised the hypothesis that redirectioning the vascular flow by ligature of the portal vein in the first stage, without the consequent removal of the specific hepatic lobe, could be an important factor in liver regeneration. Based on this hypothesis, we sought to verify the true role of vascular ligature in liver regeneration.

After analyzing and comparing the rate of hepatic regeneration between the groups, it was noted that Group B, which was submitted to hepatic resection combined with vascular ligature, presented - histologically and in the immunohistochemical analysis with Ki67 - a significant increase of new hepatocytes in the regeneration process, as well as the presence of Kupffer cells and inflammatory cells, a result that is in agreement with that of other articles in which, based on other methods, it was noted that this technique promotes greater hepatic regeneration.^[@B1],[@B19],[@B25]^

In this way, one can state that the technique does, indeed, promote a greater stimulus when compared to isolated hepatic resection. This fact is a consequence of the high proliferation rate of hepatocytes and of Kupffer cells, which play a secondary role in liver regeneration.

The explanation for the low rates of hepatic regeneration in Group A (as can be noted in [figure 2](#f02){ref-type="fig"}, corresponds to the liver fragment of pig 2 before the surgical procedure and, in [figure 3](#f03){ref-type="fig"}, it corresponds to the same animal five days after hepatectomy without vascular ligature), can be in the fact that isolated liver resection was not significant enough to stimulate the hepatic regeneration in this region. Due to the anatomy of the pig presenting branching of the intraparenchymatous portal vein, the liver resection became technically more complex, in light of the risk of affecting a vessel of greater caliber with the resection, causing a blood loss of more than the 500mL, the maximum sustained by the animal.

Figure 2Liver fragment of pig 2 before the surgical procedure (40x magnification)

Figure 3Liver fragment of pig 2, five days after hepatotomy without vascular ligature, showing the absence of nuclei in proliferation (40x magnification)

When further correlating these histopathological findings with the laboratory tests, it was not possible to identify great alterations, whether of liver function or even in the coagulogram of both groups, showing safety of the technique used. The increased value of GPT in Group B may be related to the surgical procedure, since it is a nonspecific marker when analyzed separately. GOT is also present in the cells of muscles and of the heart, while GPT is found almost exclusively in liver cells. The latter is, therefore, much more specific for liver diseases than GOT.

The number of leukocytes in Groups A and B showed a statistically significant drop after the procedure. The circulatory redistribution of leukocytes, especially of lymphocytes, is common and generally represents transient responses to a variety of events that cause stress, such as bacterial infections, surgery, trauma, and hemorrhage. These responses can be measured by high levels of endogenous corticoids that induce the drop in circulating lymphocytes, which can be presented as a possible cause of apparent leukopenia in both groups.^[@B26],[@B27]^

Moreover, considering the hepatic resections were similar in both groups, one can evaluate the ligature of the portal vein branch promoted a greater stimulus of cell regeneration, possibly related to the imbalance of hematologic factors and to redirectioning of blood flow to the contralateral hepatic lobe, as observed on the slide with sample from pig 7, where it is possible, after five days, to note 5% more hepatocytes undergoing regeneration, when compared to the material obtained in the preoperative period ([Figure 4](#f04){ref-type="fig"}).

Figure 4Liver fragment of pig 7, five days after hepatotomy with ligature of the portal branch, showing a large quantity of nuclei marked with Ki67 (40x magnification)

Croome et al.,^[@B20]^described similar results before those of the present study. After the second stage of ALPPS, there was an increase in size of portal spaces in the pigs, as well as in the number of Ki67-positive nuclei, indicating greater cell regeneration, pointing towards the effect of vascular ligature in hepatic regeneration.

CONCLUSION
==========

This study allowed the establishment of a possible alteration in the two-stage hepatectomy with ligature of the portal vein, since the ligature of only one of its tributaries was performed, maintaining the portal vein pervious and not interfering in the viability and function of the animal liver. Considering the positive analysis of cellular replication by the Ki67 marker, the ligature of a portal vein tributary promoted a stimulation of liver regeneration, an effect not seen in the group submitted to isolated hepatic resection. However, more studies are necessary in order to promote a better understanding of how this event works in liver tissue.
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